The formation of Cu 3 Si phase, and the subsequent crystallization of the remaining amorphous Si were observed in the Cu/a-Si bilayer under thermal and laser pulse annealing. The crystallization temperature of the a-Si layer with a thin Cu underlayer was reduced to 485 C due to the formation of Cu 3 Si precipitates that serve as nucleation sites for the crystallization of the remaining amorphous Si. At the wavelength of 405 nm, the Cu/a-Si bilayer exhibited an optical contrast of 15.4% and an absorptance of 47% providing high readability and adequate recording sensitivity. Moreover, the maximum data-transfer-rates that can be achieved by the Cu/a-Si bilayer at recording powers of 6, 8, and 10 mW were estimated to be approximately 23, 46, and 223 Mb/s, respectively. It is evident that the Cu/a-Si bilayer shows great feasibility for high data-transfer-rate writeonce blue-ray recording.
Introduction
Due to the rapid development of multi-media technology, there is an increasing demand for optical disks with larger recording capacity and faster data transfer rate. Recently, a blue-ray disk (BD) system which employs a blue laser pickup with a wavelength (!) of 405 nm and an objective lens with a numerical aperture (NA) of 0.85, achieving a recording capacity of 22.5 GB on a 120 mm disc, has been proposed by nine leading consumer electronic companies. [1] [2] [3] [4] [5] The first-generation blue-ray disk is a phase-change rewritable media. However, the commercial demand for a write-once media format for the blue-ray disk will be expected to increase inevitably based on the success of CD-R and DVD-R. For use in the write-once blue-ray disk, organic recording materials, which have been widely used in CD-R and DVD-R, may encounter numerous obstacles. Among them, low recording sensitivity of organic materials due to their low absorptance in the blue ray region will be the major problem to be solved. Besides, an enormous amount of recorded organic write-once disks will be thrown away in the future. From both the functional and ecological points of view, we should develop an environmentally friendly inorganic recording material with high recording sensitivity for the write-once blue-ray disk.
Recently, Ohkubo et al. proposed an inorganic write-once blue-ray disk where an amorphous Si (a-Si) film was adopted as the recording layer, and a carrier-to-noise ratio (CNR) of about 43 dB was achieved. However, they also pointed out that the recording sensitivity still needed to be improved. 6) Besides, the crystallization of a-Si has been observed to take place at about 700 C, 7) indicating that high blue laser power is required during recording that will lead to an increase in the cost of the blue laser pickup. It has been known that metal induced crystallization (MIC) using such metals as Al, Ag, Au, Cu, Co, Ni, Pd, and Ti can dramatically reduce the crystallization temperature of a-Si and increase the crystal growth rate. 8) Therefore, the metal/a-Si bilayer may be able to be adopted as a recording film for the high data-transferrate write-once blue-ray disk.
In this study, a Cu/a-Si bilayer was employed as the recording film for the write-once blue-ray disk. The crystallization characteristics of the as-deposited Cu/a-Si bilayer under thermal and laser pulse annealing were investigated. The optical properties of the Cu/a-Si bilayer before and after annealing were examined, and a series of static tests were conducted on a two-laser static tester to estimate the maximum data-transfer-rates that can be achieved by a Cu/a-Si bilayer at various laser powers, and evaluate its feasibility for high data-transfer-rate write-once blue-ray recording.
Experimental Procedure
A 5-nm-thick Cu thin film and a 20-nm-thick amorphous Si (a-Si) layer were successively deposited on Corning 7059 glass, silicon and dummy polycarbonate (PC) substrates by an ion beam assisted deposition system. The glass-substrate and silicon-substrate samples were used for measuring the optical properties and observing the crystallization behaviors under thermal and laser pulse annealing, respectively, while the PC-substrate samples, which were then bonded with other dummy PC substrates, were used for the static tests. The crystallization process of the as-deposited Cu/a-Si bilayer was monitored by a reflectivity-temperature-time measuring system, where samples were mounted on a Linkam THMS 600 heating stage in an argon protective atmosphere, and the reflectivity variation with temperature at a heating rate of 50 C/min was recorded in real-time during the heating process. The Cu/a-Si bilayer was also irradiated by a 405 nm blue laser pulse with a power of 6 mW for various durations to examine its crystallization behavior under laser pulse annealing. The crystalline structures of the Cu/a-Si bilayer after isothermal annealing and irradiation by a high power blue laser pulse were characterized by transmission electron microscopy (TEM). The elemental distributions of Si and Cu in the Cu/a-Si bilayer before and after annealing at 500 C for 3 min were also analyzed by the Auger depth profiles. A UV-visible spectrophotometer (Hitachi U-3010) was used to measure the reflectivity and absorptance of the as-deposited and annealed Cu/a-Si. The static test was carried out by a two-laser static tester from Tueoptics that monitors the reflectivity variations during the heating and cooling periods of the recording process in realtime. Laser 1 with a wavelength of 399 nm was used in pulsed mode for recording, while Laser 2 with a wavelength of 422 nm was used in cw mode for monitoring the reflectivity variations. The recording powers and pulse durations of Laser 1 were controlled to vary from 4 to Japanese Journal of Applied Physics Vol. 43, No. 3, 2004, pp. 1013-1017 #2004 The Japan Society of Applied Physics 12 mW and 10 to 100 ns, respectively. After the minimum pulse durations for successful recording at various blue laser powers were determined, the maximum data-transfer-rates that can be achieved by the Cu/a-Si bilayer could be estimated. Figure 1 shows the reflectivity change of the as-deposited Cu/a-Si bilayer with temperature at a heating rate of 50 C/ min. Two reflectivity changes were clearly observed as the temperature increased from room temperature to 600 C. It was believed that the slow increase of reflectivity in the temperature range between 100 and 200 C was due to the formation of a Cu-Si phase, while the steep rise of reflectivity at approximately 485 C was attributed to the crystallization of amorphous Si (a-Si) to crystalline Si (c-Si). Normally, the crystallization of pure amorphous Si thin film occurred at around 700 C. Clearly, inserting a thin Cu layer can effectively reduce the crystallization temperature of a-Si. Similar results have been reported by Russell et al. based upon the sheet resistance change with temperature. 9) To clarify the crystallization process of the Cu/a-Si bilayer, samples before and after annealing at 300 and 500 C for 3 min, were examined by TEM, as shown in Figs. 2(a) to 2(c). Before annealing, polycrystalline Cu and amorphous Si were observed by the bright-field image and diffraction patterns. After annealing at 300 C, different grains with size less than 10 nm in diameter were distinguished, and new diffraction rings corresponding to a Cu 3 Si phase were observed, meanwhile Si still remained as an amorphous phase. As the annealing temperature was further increased to 500 C, in addition to the grain growth of existing Cu 3 Si phase, amorphous Si was found to be fully crystallized to crystalline Si with a (111) preferential orientation. amorphous Si.
Results and Discussion
It should be noted that the heating rate applied for the Cu/ a-Si bilayer during recording by a high power laser pulse is expected to be much higher than that under thermal annealing and hence, the crystallization characteristic of the Cu/a-Si bilayer may be different. Figure 4(a) shows the TEM images of a Cu/a-Si bilayer and a-Si single-layer after irradiation by a 405 nm blue laser pulse with a power of 6 mW for 50, 100, 150, 200 and 250 ns. It was seen that recording marks were formed in the Cu/a-Si bilayer, whereas no structural change was observed in the a-Si single-layer. Clearly, the metallic Cu thin film could effectively lower the recording power of a-Si for use in the blue-ray disk. As we closely examined the microstructure of the recording mark formed in the Cu/a-Si bilayer, as shown in Fig. 4(b) , Cu 3 Si precipitates with sizes of tens of nanometers were found to be uniformly dispersed in the crystalline Si matrix, which was the same as the microstructure observed in the Cu/a-Si bilayer after isothermal annealing at 500 C for 3 min, indicating that the crystallization characteristic of Cu/a-Si bilayer was not affected by the heating rate. As a result, the crystallization mechanism of Cu/a-Si under isothermal annealing could also be applied to that under laser annealing.
To evaluate the feasibility of the Cu/a-Si bilayer for use in high data-transfer-rate write-once blue-ray disk, the optical properties of the Cu/a-Si bilayer and the maximum data-transfer-rate that the Cu/a-Si bilayer can achieve are two important considerations. Figure 5 shows the wavelength (!) dependence of the reflectivity, reflectivity difference (ÁR ¼ R c À R a ), and optical contrast (ÁR=R ¼ ðR c À R a Þ=ðR c þ R a Þ) of the Cu/a-Si bilayer on a glass substrate before and after crystallization, where R c and R a are the reflectivity of Cu/a-Si in the crystalline and amorphous states, respectively. Here, the light source was incident on the samples from the glass substrate, passed through the Cu thin film and then reflected from the Si layer. At ! ¼ 405 nm, the reflectivity of the Cu/a-Si bilayer was 44% in the amorphous state, and increased to 60% after crystallization, resulting in a reflectivity difference of 16% and an optical contrast of 15.4%. In optical disk data storage, the signal-to-noise ratio (CNR) ultimately determines the storage density of the media. If the thermal and shot noises in the readout channel are negligible, the CNR is theoretically proportional to ðÁR=RÞ 2 . 10,11) To achieve a CNR greater than 45 dB, ÁR=R is required to be higher than 6%. Apparently, the Cu/a-Si bilayer has a sufficient optical contrast for blue laser recording. Besides the requirement for optical contrast, the absorptance of the Cu/a-Si bilayer is required to be sufficiently high to achieve a high recording sensitivity. Figure 6 shows the wavelength dependence of the absorptance of the Cu/a-Si bilayer in the amorphous and crystalline states. At ! ¼ 405 nm, the absorptance of the amorphous Cu/a-Si bilayer was found to be about 47%, which would provide adequate recording sensitivity for blue laser recording. Meanwhile, the absorptance of the crystalline Cu/Si bilayer was found to decrease to about 27%, which would also increase the stability of recording marks during the readout process. Undoubtedly, the Cu/a-Si bilayer is a promising candidate for write-once blue laser recording when only optical considerations are taken into account.
To estimate the maximum data-transfer-rate that the Cu/ a-Si bilayer could achieve for blue-ray recording, a static test was carried out, where the reflectivity change was monitored in real-time as the as-deposited Cu/a-Si bilayer was irradiated by a blue laser with various powers for different durations. Figures 7(a) and 7(b) show the reflectivity changes of the a-Si single-layer and Cu/a-Si bilayer being irradiated by blue laser pulses with powers varying from 4 to 12 mW for 100 ns. It was found that the a-Si single-layer did not exhibit substantial reflectivity change until the laser power was increased to 12 mW. On the other hand, the Cu/ a-Si bilayer showed a significant increase in reflectivity once the laser power was above 6 mW. Here the laser power required to trigger the crystallization of the Cu/a-Si bilayer was defined as the threshold power. As the laser power was further increased to 10 mW, the reflectivity of the Cu/a-Si bilayer was found to drop back to a level corresponding to the amorphous state that could be attributed to the reamorphization of the Cu/a-Si bilayer because the temperature at the focused laser spot had exceeded the melting temperature of Cu/a-Si bilayer. As the durations of irradiation were reduced to 50, 20, and 10 ns, the threshold powers to trigger the crystallization of Cu/a-Si bilayer were found to increase to 8, 10, and 10 mW, respectively, as shown in Figs. 8(a)-8(c) . In other words, the minimum durations to achieve successful recording for laser powers of 6, 8, and 10 mW were about 100, 50, and 10 ns, respectively. For a blue-ray disk with a wavelength of 405 nm and a numerical aperture of 0.85, the effective laser spot size (d) is about 290 nm, and the data-bit length (l b ) is 130 nm. Since the effective recording time (t eff ) is equal to the ratio of effective laser spot size to linear scan velocity (V), i.e. t eff ¼ d=V, the maximum linear scan velocity and maximum data-transfer-rate can be estimated if the minimum duration for successful recording is known. Since the minimum durations to achieve successful recording for laser powers of 6, 8, and 10 mW were about 100, 50, and 10 ns, respectively, the maximum linear scan velocities and data-transfer-rates for the blue-ray disk using Cu/a-Si bilayer as a recording film could be estimated to be approximately 3, 6, and 29 m/ s, and 23, 46, and 223 Mb/s, respectively. Apparently, the data-transfer-rates in the range of 23 to 223 Mb/s can be achieved by the Cu/a-Si bilayer. Based on our experimental results, it was concluded that the Cu/a-Si bilayer exhibits not only adequate optical properties but also a fast datatransfer-rate, therefore, it is believed to have great feasibility for high data-transfer-rate write-once blue-ray recording.
Conclusion
We have investigated the crystallization characteristics and optical properties of Cu/a-Si bilayer used as a recording layer for the high data-transfer-rate write-once blue-ray disk The formation of the Cu 3 Si phase, and the subsequent crystallization of the remaining amorphous Si were observed in the Cu/a-Si bilayer under thermal and laser pulse annealing. As Cu 3 Si precipitates act as nucleation sites, the crystallization temperature of the a-Si layer with a thin Cu underlayer was effectively reduced to 485 C. At ! ¼ 405 nm, the optical properties of the Cu/a-Si bilayer satisfied the requirements for a high signal-to-noise ratio and adequate recording sensitivity. Additionally, the datatransfer-rates in the range of 23 to 223 Mb/s could also be achieved. There is no doubt that the Cu/a-Si bilayer, serving as a recording layer, has great feasibility for high datatransfer-rate write-once blue-ray recording.
